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Abstract 
A fast switching liquid crystal (LC), especially in its nematic (N) phase, can significantly 
improve the performance and properties of present-day electro-optic devices and displays. We 
investigated the polar nature and switching behaviour of a bent shaped liquid crystal (LC) 
CB7CB at different temperatures, subjected to applied voltages of varying amplitude and 
frequency. A threshold-dependent polarization current response, with large spontaneous 
polarization, was observed in the nematic (N) and in the twist-bend nematic (Ntb) phases 
exhibited by the LC compound. The current response was identified as ferroelectric-like in 
nature, and the corresponding switching time was found to lie in the range of ~ 500 μs in the 
N phase, which is fast compared to the usual nematic switching time (in the range of 
milliseconds). The nematic switching is bi-stable in nature and the nematic polarization arises 
from the collective reorientation of cybotactic clusters on field-reversal. At larger voltages, the 
twist-bend helices were observed to unwind which can be considered as the main reason for 
the polar response in Ntb phase. The fast, bi-stable switching nature exhibited by the compound 
may become useful for application in next-generation of electro-optic devices. 
 
Introduction 
The bent shaped (bent-core) liquid crystals (LCs) are often considered as the material for next 
generation displays and electro-optic devices.[1-3] They differ from their calamitic counterpart 
primarily in terms of the molecular shape and symmetry.[4] The nematic (N) phase of bent 
shaped LCs possesses several unique and interesting properties such as polarity, biaxiality, 
chirality etc.,[5-8] with potential usage as the material for fast switching displays. Owing to these 
remarkable possibilities, they have been a subject of intense experimental and theoretical 
research in the recent years.[1,2] The typical switching time for the nematic LCs used in present 
day displays and electro-optic devices is in the range of milliseconds. An underlying 
ferroelectric-like nature in the N phase of bent shaped LCs is expected to provide with much 
faster switching,[9,10] preferably in the sub-millisecond region. Although predicted, such a fast 
switching in the N phase is yet to be experimentally realized.  
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The latest inclusion to the nematic phase sequence of bent shaped LCs is the twist-bend nematic 
(Ntb) phase. While theoretical studies had predicted this phase long ago,
[11,12] experimental 
realizations were made only recently.[13,14] The nematic director (?̂?), in the Ntb phase, draws an 
oblique helicoid maintaining a constant oblique angle θ with the z-axis, such that 0 < 𝜃 < 𝜋/2. 
The Ntb phase is the most exquisite example of spontaneous chiral symmetry breaking in liquid 
crystal physics, reminiscent of the helical smectic C* (SmC*) phase.[15,16] Due to chirality and 
the spontaneous breaking of mirror symmetry, the Ntb phase is expected to be locally polar and 
may also exhibit the heli-electric nature.[12,16,17] The local polar order is modulated in a helix in 
the Ntb phase and hence averages to zero globally, similar to the ferroelectric SmC* LCs. 
Therefore, this helical structure needs to be deformed or unwound in order to obtain a 
macroscopic polar behaviour. The unwinding or deformation of helical structure to obtain a 
macroscopic polarization is an established technique in ferroelectric liquid crystals (FLCs). 
This has been widely utilized in surface stabilized FLCs (SSFLCs), deformed helix FLCs and 
vFLCs, to name a few.[34, 35] In a similar study, Jákli et al. demonstrate that under a strong 
external electric-field the helical structure of an FLC is deformed and unwound resulting in 
polarization and a bi-stable switching with threshold existing between the intermediate 
states.[36] However, this polar order in the Ntb phase is yet to be confirmed and experimental 
signatures are only limited, where Panov et al. report linear polar switching under applied 
electric field in homologous CBnCB (n = 9, 11) compounds.[18] In a recent theoretical 
investigation, Pajak et al. demonstrated that under a sufficiently large electric-field, the twist-
bend helix can be unwound giving rise to a globally polar nematic phase (NP) with non-
vanishing polarization.[16] A ferroelectric-like polar response in the Ntb phase is fascinating 
since it is new and may find application in fast-switching electro-optic devices. A thorough and 
rigorous investigation of the N and Ntb phases of bent shaped LCs is therefore of high interest 
for gaining significant insight into the polar nature and interesting switching behaviour. In this 
paper, we have investigated the polar nature and switching behaviour of a bent shaped LC 
dimer CB7CB (1",7"-bis(4-cyanobiphenyl-4-yl)heptane) in the nematic (N) and in the twist-
bend nematic (Ntb) phase, supported by the dielectric and optical observations. The promising 
application aspect of a fast, polar (ferroelectric) nematic switching in next-generation displays 
is a prime motivation behind this study.[1,3] Additional details are available as Supporting 
Information at the end of this paper. 
The phase transition temperatures of the compound CB7CB (summarized in Table 1) were 
determined using a Perkin-Elmer Diamond differential scanning calorimetry (DSC) at a heating 
and cooling rate of 5°C/min. Prior to use, the DSC was calibrated using pure indium as a 
standard. An Indium Tin Oxide (ITO) coated 5 μm planar cell (Instec Inc.) was used for the 
experiments while the temperature was maintained with a temperature controller (Instec. 
HCS302 hot-stage attached to MK1000). The switching behaviour and polar response were 
studied by analysing the current response across a 25 kΩ resistance using a Tektronix AFG3021 
function generator, a TPS 2024 digital oscilloscope and a homebuilt amplifier of gain 10, 
FWHM 0-10kHz. An OLYMPUS BX-51P polarizing optical microscope (POM) and an 
Agilent E4980A precision LCR meter were used for the optical and dielectric studies, 
respectively. All the measurements were carried out during slowly cooling the sample from the 
isotropic phase.  
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Table 1. Phase sequence observed in this study (using POM & DSC) and that reported by other 
researchers [14] 
Compound CB7CB Heating Cooling 
Reported by others X 84.5 Ntb 103.3 N 116.6 I I 116 N 103 Ntb 83 X 
 (DSC) Cr 104.09 N 113.83 I I 112.64 N 100.51 Ntb 
POM observation  -- I 115.5 N 103Ntb 
 
Results and Discussion 
The LC material was introduced to a 5 μm planar LC cell via capillary action around 10 °C 
above the isotropic-nematic transition temperature and the textures recorded between crossed 
polarizers (Supporting Information Figure S7). A strong change in birefringent colour was 
observed close to the isotropic (I)-N transition, with uniform marble textures appearing in the 
N phase. Transition from the N phase to Ntb phase started near 103 °C and a polygonal, rope-
like pseudo-focal-conic texture appeared below 103 °C, typical of the Ntb phase.
[19-24] In the N 
phase, a gradual change in birefringent colour was observed with decreasing temperature 
indicating sharp change in birefringence and also a possible presence of highly ordered 
domains in the N phase itself.[3,25]  
To investigate the polar nature and switching behaviour of the compound, CB7CB was 
subjected to an external electric-field of amplitude up to 18 V/μm (V = 90 VPP) and frequencies 
ranging from 1 Hz to around 50 Hz. Both triangular and square-wave input signals were used 
for the measurements. The field reversal repolarization current measurement technique using 
a triangular input signal is an established method to investigate polarization in LCs.[26] When 
an input triangular voltage of 60 VPP (E =12V/μm) or higher was applied across the cell, a 
single delayed peak per half-cycle of the applied voltage was obtained, persisting at frequencies 
up to 20 Hz and beyond. This is analogous to ferroelectric-like behaviour reported in bent 
shaped LCs.[26-28] Figure 1 shows the current responses obtained for a 90 VPP 10 Hz input 
signal, with varying temperature. The obtained response at such a high electric-field value (18 
V/μm) represents a delayed nonlinear contribution arising due to the polar nature superimposed 
on the linear ohmic background.[28] Moreover, the responses showed a strong temperature 
dependence and the peaks were not centred about the zero-crossing of the applied field which 
implies a long-lived ferroelectric state.[29,30] The height of the current peak is augmented with 
increasing temperature, and survives in the isotropic phase. The spontaneous polarization (PS) 
calculated from the current response manifested an unusual temperature dependence (Figure 
2).  The PS increases with increasing temperature, similar to experiments reported in bent 
shaped N LCs.[26] While the results indicate towards a ferroelectric-like polar response, ionic 
impurities may also be present and possibly the ionic peak merged with the polarization peak 
preventing their differentiation.[26] Additionally, the PS decreases with increasing frequency 
because with increasing frequency the ionic contributions to the net polarization go down and 
only the contributions from a pure spontaneous polarization remains. 
For purely ionic cases, the polarization response sustains only in the low frequency regime and 
lacks in a robust temperature dependence. Our observations, in contrast, show a strong 
temperature dependence of the polarization which persist at moderately high frequencies (~ 
20Hz) (Figure 2). Further, the PS values obtained in our studies (~ 200 nC/cm
2) are much larger 
than the typical values of PS for ionic and surface contributions which can go up to 20 
nC/cm2.[30] For a true/long-lived ferroelectric, the hump must appear at a non-zero applied 
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voltage and hence apparently at a coercive field value which is not necessarily equal to the 
threshold voltage.[29,30] We have also obtained a delayed response and at a non-zero applied 
field value where the peaks are not centred about the zero-crossing of the applied field. 
Therefore, the obtained polarization response in the studied LC compound is truly ferroelectric 
in nature. 
 
Figure 1. Switching current response of the compound, at different temperatures, on 
application of a triangular voltage of amplitude 90 VPP, frequency 10 Hz. The applied 
triangular input is indicated in blue.  
 
 
Figure 2. Spontaneous polarization (PS) as a function of temperature at different frequencies. 
The input triangular voltage is 90 VPP. 
 
 5 
 
When subjected to a square-wave voltage of amplitudes and frequency similar to the triangular 
input signals (as mentioned earlier), a delayed, distinct polarization bump was obtained in the 
current response (Figure 3) appearing in each half-cycle. This bump appeared due to switching 
of the bulk spontaneous polarization (PS), well within 1 ms of field reversal, especially in the 
N phase, showing true ferroelectric-like nature of the obtained response.[27,31] At lower 
temperatures (Ntb phase) however, this bump shifted to higher values in time scale (> 1ms) due 
to increased viscosity of the medium rendering larger switching times. Interestingly, this 
polarization bump persisted till frequencies (up to ~ 150 Hz) much higher than that encountered 
in the triangular-wave measurements (~ 20 Hz). This corroborates that the polarization is not 
due to ionic contributions and it is truly ferroelectric in nature. The switching times, evaluated 
from the time scale position of the polarization bumps, corresponding to 80 VPP 5 Hz are shown 
in Figure 4. The switching time is in sub-millisecond range in the N phase and remains almost 
fixed (~ 500 μs) until a small decrease in the isotropic phase. With decreasing temperature, the 
switching time showed a well-anticipated increase (in the Ntb phase) owing to increased 
viscosity.[26,27] In the N phase, the compound showed a bi-stable textural switching where the 
optical texture observed between crossed polarizers switches between two definite optical 
states (Supporting Information Figure S12). From the viewpoint of application in displays, such 
a sub-millisecond, bi-stable switching in the N phase can be highly useful in realizing display 
on and off states with much faster switching via preferential alignment of the bulk LC director. 
In the video, a pure bright or dark state could not be observed since we did not impose any 
preferential director alignment for achieving the same. However, a relative difference in the 
transmitted intensity can be observed by carefully looking at the video, justifying our 
conclusions/claims. Under similar experimental conditions, in the Ntb phase, the helical 
structure was observed to deform and a uniform dark texture was established in the field-on 
state (Supporting Information Figure S13). The twist-bend texture reappeared when the field 
was switched off. 
 
 
Figure 3. Current response of the compound when subjected to a square-wave voltage of 
frequency 5Hz and amplitude 80 VPP, at different temperatures. 
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Figure 4. Switching time, corresponding to the distinct polarization bumps (of figure 3) 
obtained under a square-wave voltage of 80 VPP 5Hz, as a function of temperature. 
 
It is important to note that the spontaneous polarization and the polar switching exists in the 
Ntb, N and the isotropic phase, but the origin of this polarization is not very clear. Therefore, 
dielectric measurements were carried out in a frequency range of 20 Hz – 2 MHz with 
measuring voltage Vrms = 0.1V. The dielectric absorption spectra (ε") (Supporting Information 
Figure S8-b) showed two distinct relaxation modes: a low-frequency mode (P1) and a high-
frequency mode (P2). The mode P1 suggests collective relaxations, while P2 represents 
reorientation of the LC molecular short-axis subject to planar anchoring conditions.[9,26] More 
importantly, the real part of dielectric permittivity (ε) is quite large (Supporting Information 
Figure S8-a) at smaller frequencies, typical of ferroelectric-like substances.[9] The dissipation 
factor tan δ (= ε"/ε) is another measure of dielectric loss and the low frequency tan δ loss-peak 
was suppressed on application of an external DC bias voltage (up to 20 V) (Supporting 
Information Figure S9). This confirms the collective nature of the low-frequency modes.[9,26] 
These collective relaxations in the N phase of bent shaped LCs arise due to the locally polar 
smectic-like cybotactic clusters. However, in the Ntb phase there are two possible cases for 
these relaxations: (i) due to fluctuations in the tilt or the helicoidal angle of the twist-bend helix, 
[32] (ii) the smectic-like cybotactic clusters persisting in the Ntb phase along with spontaneously 
formed twist-bend helices.  
The dielectric studies reveal the origin of polar response in the compound and the case is quite 
similar to experiments reported in bent shaped N LCs. The uniaxial N phase consists of locally 
polar cybotactic clusters which orient collectively in presence of an external electric-field 
above a certain threshold. [26] This gives rise to a macroscopic polarization, as observed in our 
studies, with fast switching properties. These clusters occupy only a small percentage of the 
LC volume and their size does not change significantly across the I-N transition.[33] 
Experiments also show that these clusters may exist even in the isotropic phase.[9,26] Therefore, 
a polar response in the isotropic phase is expected in such cases and it matches our experimental 
findings. In the Ntb phase, we conjecture that the polarization has two possible origins: (i) 
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unwinding of the twist-bend helix under a strong external electric field (> 12V/μm) and (ii) 
smectic-like cybotactic clusters persisting in the low-temperature Ntb phase. The helix 
unwinding and bistable switching under strong external electric-filed in Ntb phase is analogous 
to deformation and consequent unwinding of helical structure of FLCs.[36] Recently, in a 
theoretical investigation Pająk et al. have predicted that the twist-bend helix may unwind under 
the influence of a strong electric-field giving rise to a polar nematic phase.[16] In our 
experiments we have also encountered a polar response in the Ntb phase. Further, the twist-
bend structure was observed to deform when subjected to a strong external electric-field 
(Supporting Information Figure S13). These results provide strong evidence towards origin of 
the polarization in Ntb phase - unwinding of the locally polar twist-bend helices. Also, with 
increasing field strength the value of PS increases (comparing Figure 2 with Supporting 
Information Figure S10-b) possibly due to more number of unwound helices now contributing 
to the net polarization. Considering the second possibility, smectic-like cybotactic clusters 
persist in the low-temperature Ntb phase (from dielectric results). Hence, they may deform the 
spontaneously formed twist-bend helices to some extent (since the clusters and the twist-bend 
pitch are usually both in nanometres). When subjected to a strong external electric-field, 
collective orientation of the clusters and unwinding of the helices take place simultaneously. 
Therefore, a net polarization with appreciable modulus is obtained in the Ntb phase. 
 
Conclusion 
To conclude, the study demonstrates realization of polar order in Ntb phase and a very fast polar 
switching in the N phase. A ferroelectric-like, high spontaneous polarization was detected in 
the nematic (N) phase with a sub-millisecond polar switching on field reversal. The switching 
time is roughly constant (~ 500 μs) in the entire N phase. Also, the switching is bi-stable in 
nature which has possible application in displays. The spontaneous polarization persisted in 
the low temperature twist-bend nematic (Ntb) phase but at the cost of an increased switching 
time (> 1 ms). Polarization in the N phase results due to collective orientation of locally polar 
cybotactic clusters, which is clear from the dielectric studies. The polar order in Ntb phase has 
two possible origins: (i) unwinding of the twist-bend helix and (ii) collective alignment of 
coexisting cybotactic clusters under a strong external electric-field. The unwinding of twist-
bend helices were directly evidenced under a strong external electric-field (~ 18 V/μm). This 
type of fast polar response in the N and Ntb phase is new and the study contributes significant 
insights into the polar nematic phases with the aim to realize fast switching electro-optical 
devices and displays. 
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General: All starting chemicals procured from local and abroad sources were used as received. 
For monitoring reactions as well as to examine the purity of the compounds, thin layer 
chromatography (TLC) was used; aluminum TLC plates pre-coated with silica gel (Merck, 
Kieselgel60, F254) were used. For partial / complete purification, column chromatography 
technique was employed where silica gel (60–120, 100–200 mesh) was used as a stationary 
phase. Molecular structural characterization was carried out using various spectroscopic 
techniques. UV/Vis spectra were recorded with the help of PerkinElmer’s Lambda 20 UV/Vis 
spectrometer (1 cm path length, CH2Cl2). The infrared spectra were recorded on KBr pellets in 
transmission mode (in the range of 400–4000 cm-1) on a PerkinElmer Spectrum 1000 FT-IR 
spectrometer. Bruker AMX-400 (400 MHz) spectrometer was used to record 1H and 13CNMR 
spectra in CDCl3 at ambient temperature.  The chemical shifts are reported in ‘ppm’ on scale 
downfield from TMS regarded as an internal standard. The coupling constants (J) are given in 
Hz. 
Synthesis: The mesogen CB7CB was prepared by following synthetic steps depicted in the 
scheme below. Compounds 1-6 were synthesized by following protocols reported in the 
literature.[1,2] 
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1”, 7”-Bis(4-cyanobiphenyl-4’-yl)heptane) CB7CB (7): 3.48g (10.2 mmol) of (Heptane-1,7- 
diylbis(4,1-phenylene))diboronic acid (6), 4.10g (22.5 mmol) of 4-bromobenzonitrile and 7g 
(51.25 mmol) of potassium carbonate were suspended in a mixture of 100 mL ethanol and 20 
mL water followed evacuation with vacuum. It was purged with argon and sonicated. Then 
1.18g (1.02 mmol) of tetrakis(triphenylphoshine)palladium(0) was added to the above reaction 
mixture while argon is being purged continuously and heated to reflux for 12 hours. The solvent 
was evaporated and 60 mL dichloromethane and 60 mL water were subsequently added to the 
leftover residue. The organic phase separated was washed twice with water, brine, and dried 
over anhydrous Na2SO4. The solvent was evaporated and the crude product was purified by 
column chromatography on silica (100-200mesh) with dichloromethane as eluent. The solid 
compound was further purified by recrystallization using HPLC hexane – dichloromethane 
(9:1). A colorless (bright white) solid; yield 0.9g (55%); IR (KBr Pellet): max in cm-1: 2925, 
2851, 2225, 1604, 1492, 1396, 1184 and 1004; UV-Vis: λmax= 285nm, Ɛ = 3.93 x 102 L mol-1 
cm-1;1H NMR (400 MHz, CDCl3): δ 7.72 – 7.65 (m, 8H),7.51 (d, J = 8 Hz, 4H), 7.29-7.26 (d, 
J = 8 Hz, 4H), 2.68  (t, J = 8 Hz, 4H) and 1.67 (m, 4H), 1.54 (m, 6H);13C NMR (100 MHz, 
CDCl3) δ 145.4, 143.6, 136.4, 132.8, 132.5, 132.5, 129.1, 127.9, 127.45, 127.5, 127.0, 119, 
110.5, 35.5, 31.3, 29.3 and 29.2. The above mentioned spectroscopic data obtained was found 
matching with the reported ones.   
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Figure S1. FTIR spectrum of CB7CB 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2. UV-Vis spectrum of CB7CB (DCM)  
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Figure S3.1H-NMR spectra of CB7CB (CDCl3, 400MHz) 
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Figure S4.13C NMR spectra of CB7CB (CDCl3, 100 MHz) 
 
 
Chemical Structure: 
 
 
 
Figure S5. Chemical structure of the twist-bend nematic LC compound CB7CB (1",7"-bis(4-
cyanobiphenyl-4-yl)heptane). 
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DSC Thermogram Traces: 
 
Figure S6. DSC traces recorded during the first and second heating-cooling cycles at a rate of 
5 ºC/min. for CB7CB mesogens. 
 
 
Liquid Crystal Textures – Polarizing Optical Microscope (POM): 
 
 
  
   
 
Figure S7. Microphotographs of the optical textures of mesophases exhibited by CB7CB 
observed under POM at (a) 115.5 ºC (I-N transition), (b) 112 ºC (N), (c)106 ºC (N), (d) 102 
ºC (near N-Ntb transition), (e) 100 ºC (Ntb), and (f) 80 ºC (Ntb) during cooling. Figure 3a was 
captured with the LC sandwiched between an untreated glass slide and a cover slip; Figures 
3b-3f recorded in 5μm cell of planar alignment. 
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Dielectric Spectra: 
 
  
Figure S8. (a) Real (ε) and (b) imaginary (ε") part of dielectric permittivity of CB7CB as a 
function of frequency at different temperatures. 
 
 
 
  
 
Figure S9. The dissipation factor (tan δ = ε"/ε) as a function of frequency at (a) 120 ºC and 
(b) 110 ºC on application of a DC bias voltage from 0 to 20 V. 
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Electro-optic responses: 
 
 
Figure S10. (a) Current response when VApplied = 90 VPP 5 Hz and (b) Spontaneous 
polarization when VApplied = 80 VPP with varying frequency, at different temperature. Input: 
Triangular voltage. 
 
 
 
 
Figure S11. (a) The current response and (b) the associated switching time of the compound 
at different temperatures when subjected to a square-wave voltage of 80 VPP 5 Hz. 
 
 
   
 
Figure S12. Textural switching observed in the sample at 110 °C: (a) No Field, (b) 60 VPP 
(12 V/μm) 1 Hz and (c) 80 VPP (16 V/μm) 1Hz. 
(a) 
(b) 
(a) (b) 
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Figure S13. Unwinding of twist-bend helix under external electric-field at 102°C: (a) Rope-
like pseudo focal-conic twist-bend texture when no field is applied (b) Dark texture when the 
twist-bend helix is unwound under external electric-field ~ 18 V/μm (f = 5 Hz). 
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